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The first-principal simulations are applied to study a photo-induced metastability in amorphous
selenium (a-Se) and the contribution of the valence-alteration pair (VAP) defects in this process.
The VAP defect is confirmed to be the equilibrium defect; it minimizes the destabilizing interaction
between adjacent Se chains induced by dis-orientation of the lone-pair (LP) electrons, and thus
relieves a tension in a system. The excitation of LP electrons is proposed to be described by two
coexisting processes, namely, single and double electron excitations. Both processes have been found
to form defect states in the band gap and to cause the experimentally observed photo-darkening
and photo-volume expansion, however, only double electron excitation is capable to trigger bond
rearrangement and structural transformation. Lattice relaxation, which follows bond rearrangement
occurs with characteristic energy of -0.9±0.3 eV and promotes formation of energetically favorable
VAP defects or crystalline inclusions thus ultimately stimulating the photo-induced crystallization.
In addition, photo-induced crystallization has been directly simulated in a system with an increased
crystalline order.
I. INTRODUCTION
The progressively expanding area of applications of
chalcogenide glasses (from medical imaging detectors to
phase-change memories) supports an irrefutable interest
in their properties, one of which is photoinduced trans-
formation - a very unique phenomenon that is a special
feature of chalcogenide glasses including amorphous Se.
The transformation is known to be triggered by optical
or x-ray irradiation and is associated with a creation of
defects [1–3]. The most studied defect in amorphous Se
is a valence-alteration pair (VAP) [1–5] which belongs to
equilibrium type of defects [4] meaning that VAP exists
in well relaxed structure prior to photoexcitation. How-
ever, photoexcitation is assumed to enhance a concentra-
tion of the VAP defects by initiating the bond breaking
reaction: 2C02 ↔C
+
3 +C
−
1 , where C
0
2 is a selenium atom
in its normal two-fold configuration, C+3 is a positively
charged three-fold configuration, and C−1 is a negatively
charged one-fold coordinated Se atom [1]. The direct ev-
idence of the valence alteration in a-Se is experimentally
detected unpaired electrons which appear under light il-
lumination [2]. It is believed that the VAP defects are re-
sponsible for many of the photoinduced effects including
photodarkening (PD) [6–8], photoinduced crystallization
[7] and volume expansion [9–11] as they induce the sub-
band gap defect states [12–15] . Although a link between
these effects is not confirmed with direct experiments,
they all have similar kinetics and are shown to be ther-
mally activated processes with similar activation energies
around ∼0.9 eV [6, 7] - the value which was suggested for
the VAP defect relaxation [16].
In order to get a better insight into the nature of the
photoinduced effects and contribution of the VAP de-
fects in it, we model the entire process of photoexcita-
tion with help of the first-principles methods. First, we
have classified all possible VAP defects in a-Se network,
their energetics and positions in the band gap. Then,
we have simulated a photoexcitation from an ”ideal” sys-
tem (consisting of strictly two-fold coordinated Se atoms)
and a system containing the VAP defect. We show that
in both systems the excitation of two electrons from the
lone pair (LP) state may trigger a formation of a dy-
namic bond with the characteristics energy -0.9±0.3 eV
through the photo-induced relaxation of the immediate
neighborhood. In post-excitation regime, this dynamic
bond is broken which then induces the bond rearrange-
ment followed by a creation either of the VAP defect or
the crystalline inclusion. In contrast, removal of just one
electron from the LP state does not generate any sig-
nificant lattice relaxation and, therefore, does not lead
to a permanent structural transformation. The simu-
lated photo-induced transformations show good correla-
tion with the PD kinetics measured under the red light
illumination. The comparison with the experimental re-
sults suggests that the slow component in the kinetics of
the photodarkening relaxation can be linked to the pro-
cess which involves the bond rearrangements (i.e. when
two electrons are photoexcited from the LP state) with
the experimentally found activation energy EB=0.8±0.1
eV. In contrast, the fast component in the photodarken-
ing relaxation corresponds to a process which does not
involve any significant lattice relaxation that is observed
in simulations of a single electron excitation.
II. THEORETICAL METHODS
For our study, we created the model compounds of
amorphous Se consisting of 25 atoms and 50 atoms.
For the atomistic simulations, the WIEN2k package
[17] with implementation of the Perdew-Burke-Ernzerhof
parametrization of the generalized gradient approxima-
tion [18] has been used. The optimization procedure was
carried based on minimization of forces for which the
product of atomic sphere radius (1.8 Bohr centered at
the nucleus of the individual atoms) and plane-wave cut-
off in k-space was set to 7, while the Brillouin zone of
2a supercell was covered by the 4×4×4 Monkhorst-Pack
mesh. The energy separating core and valence electrons
was set to -6.0 Ryd. The force tolerance 0.5 mRyd/Bohr
in combination with tight convergence limits (energy con-
vergence 0.0001 Ryd, force convergence 0.1 mRyd/Bohr
and charge convergence 0.001 e) have been applied.
To study the fundamental properties of a-Se in-
cluding the formation of the VAP defects and photo-
induced structural transformations, the well amorphized
a-Se placed in cubic supercell (α=90◦, β=90◦, γ=90◦)
with periodic boundary conditions was used (the size
of the cubic supercell consisting of 25 atoms was
8.7A˚×8.7A˚×9.9A˚). In order to insure that the inter-cell
defect interaction does not effect the energetics of the
VAP defects, the results have been verified with a big-
ger supercell consisting of 50 atoms. The size of the
Monkhorst-Pack mesh was adjusted to the supercell size,
i.e. the mesh was appropriately reduced as the super-
cell was enlarged. In the created model compounds, the
bond length between two-fold sites was found to vary in
a range of 2.30-2.47 A˚ that agrees well with an average
bond length in a-Se of 2.37 A˚ [9, 16]. The bond an-
gles along the chains in the well amorphized system have
shown to vary from 98◦ to 107◦ against 102◦ in trigonal
Se (t-Se). For the simulations of the photo-induced crys-
tallization, the system of the increased crystalline order
has been created. To achieve crystallization, the model
system has been assigned to recognize the symmetry of
trigonal Se through application of the hexagonal lattice
parameters to supercell (α=90◦, β=90◦, γ=120◦).
III. THE VAP DEFECTS AND THEIR
CLASSIFICATION
We start our analysis from the ”ideal” amorphous sys-
tem containing only two-fold coordinated Se atoms, each
having two electrons on the p-bonding orbital, two empty
quantum states on the p-anti-bonding orbital and two
electrons on the nonbonding LP orbital. The proper-
ties of such ”ideal” network are governed by the lone
pairs: by pushing the shared orbitals apart, they define
the bond angle and torsion angle. The crystalline sys-
tems, i.e. trigonal and α-monoclinic Se, are built in a
way to minimize interatomic interactions of the LP elec-
trons. In amorphous network, LPs are disoriented that
causes tension between chains and as a result, the total
energy is larger by ∆=0.08 eV per atom than that in t-
Se due to the destabilizing interactions between chains.
The charge exchange between Se atoms in amorphous
network (up to ±0.5 e¯ per atom) is an attempt to reduce
the chain tension. Naturally, the crystalline-like inclu-
sions suppress the tension. We estimated that formation
of a Se7 ring results in energy lowering by ∆=-0.02 eV
per atom.
With respect to the electronic properties, disorienta-
tion of LPs causes formation of the band tails. The edge
of the valence band (EV ) generated by the lone pairs is
found to be smeared by the broad tails as defined by
∆EV=EV+0.45 eV. Because bottom of the conduction
band (EC) is formed by p-antibonding orbitals, the ef-
fect of LP disorientation is less pronounced there [19]
giving a rise to the band tails of a size of ∆EC=EC-0.16
eV. This simulated asymmetry in the band tails has also
been observed experimentally [12, 13]. It has to be men-
tioned that an inclusion of a Se7 ring locally improves the
LPs orientation resulting in total band tails shrinkage by
∼0.3 eV with most pronounced effect near the valence
band.
In addition to crystalline-like inclusions, another way
to resolve the destabilizing interactions between two
chains is chain discontinuation C02 →C
0
1+C
0
1. When
chain breaks, one C01 end remains as the separated site,
while another connects to two-fold C02 site of another
chain thus becoming three-fold C03 (see defect structure
in Fig. 1 (a)). This process is followed by the charge ex-
change reaction C03+C
0
1 →C
+
3 +C
−
1 (see charge distribu-
tion in Fig. 1 a) and formation of two chains VAP defect
[2, 3]. We have found that the total energy lowering with
this defect formation is ∆=-0.05 eV per atom (since this
value is calculated per all atoms in a supercell, it is un-
derestimated for atoms involved in the VAP formation).
Therefore, we numerically confirmed that the two chains
VAP defect is very efficient in relieving tension between
chains despite a strong dipole formed between the C+3
and C−1 sites. With respect to the defect structure, the
C+3 and C
−
1 sites are separated by a distance 3.45 A˚,
while the bond length around C+3 is slightly elongated to
2.4-2.6 A˚ due to the bond iconicity.
When broken C01 end connects to the same chain, an-
other type of the VAP defect emerges (see Fig. 1 b) [5]
which is named in literature as ”intimate” VAP defect
(IVAP) [5]. We have found that the IVAP defect is stable
only in the intimate configuration. Mechanism of forma-
tion of the IVAP defect is the same as for VAP (Fig. 1 a),
one broken end remains detached while second attempts
to convert into three-fold site denoted in Fig. 1 b as C−13.
Because the induced charge redistribution is restricted to
a single chain, the originated strong dipole keeps apart
the C−13 and C
+
2 sites at distance dC−
13
−C
+
2
=2.82 A˚ (see
a dashed line in Fig. 1 b). Moreover, a strong dipole
moment masks the stress relieving effect and as a result,
no decrease in energy is detected with this defect for-
mation. However, when two IVAP defects appear in a
pair (see Fig. 1 c showing two IVAP defects separated
by a distance ∼3.8 A˚), the interaction between defects
induces the partial compensation of their dipoles. It al-
lows the bond shortening between C−13 and C
+
2 sites to
dC−
13
−C
+
2
=2.78 A˚ and uncovers the stress relieving effect
resulting in the energy lowering by ∆=-0.04 eV per atom.
The IVAP pair is found here for the first time. Since the
total energy decreases with pair formation, this pair con-
figuration should dominate over single IVAP.
Overall, the ”ideal” system has found to be the high-
est in energy. Therefore, the VAP defects or crystalline
inclusions such as the Se8, Se7 and Se6 rings [20] are
3FIG. 1: The VAP defects with charge distribution (a) two chains VAP defect; (b) single IVAP defect; (c) pair of IVAP defects.
thermodynamic defects [4] which formation reduce the
stress originated from LPs dis-orientation. As a result,
in a-Se grown samples, there will always be interplay be-
tween concentration of the rings and the VAP defects.
The preference would be given to formation of the VAP
defects (Fig. 1 a) as they are most efficient in relieving
tension between chains reflected by the greatest energy
reduction ∆=-0.05 eV per atom. This explains the low
concentration of the rings observed experimentally (frac-
tion of atomic rings is 5%-10% [21, 22]). In regions under
enhanced stress such as interfaces, the higher concentra-
tion of the tension relieving centers is expected.
The VAP defects have direct impact on the electronic
properties of a-Se. According to our calculations, the
defect states generated by C+3 appear below the conduc-
tion band at EC-0.33 eV for the two chains VAP; at EC -
0.43 eV for the single IVAP; and at EC-0.61 eV for the
IVAP pair. The energetic positions of the defect states
induced by C+3 agrees well with the experimental obser-
vation showing two peaks in the density of states at 0.30
eV and 0.45÷0.50 eV below EC [13] that is also consis-
tent with the positions of the charged centers in Ref.[14].
The C−1 states are located above the valence band at
EV+0.34 eV for the VAP and the single IVAP defects,
and at EV+0.23 eV for the IVAP pair. Therefore, the
C−1 states appear inside the valence band tails defined
by ∆EV=EV+0.45 eV. Depending on the concentration
of the VAP, single IVAP and IVAP pairs, they may in-
fluence the density of state distribution causing charac-
teristic features at about 0.23 eV and 0.34 eV above the
valence band as observed in some experiments [12].
Therefore, our finding confirms that the VAP defects
are the thermodynamic or the ”equilibrium” type as sug-
gested in literature [4], i. e. they should be present
at high concentration in the well-relaxed structures even
prior to light excitation. Since the formation of the VAP
defects and the crystalline inclusions in a form of the
Se7 ring are energetically favorable, their concentration
should grow under light illumination. Hence, our next
step is a simulation of the photoinduced changes in amor-
phous Se network.
FIG. 2: Potential diagram describing an excitation of the A
state and contribution of the photo-induced lattice relaxation
into stabilization of the excited state A∗.
IV. PHOTO-INDUCED LATTICE RELAXATION
The photoexcitation process can be described with po-
tential diagram presented in Fig. 2. The excitation of
electrons brings the system from a ground state A to an
excited state A∗. We assume that an electron excited
into the conduction band leaves behind the hole in the
valence band tails. The state in the valence band tails
missing one or two electrons induces the lattice relaxation
of the immediate neighborhood needed for its stabiliza-
tion. As a result, the excited A∗ state converts either into
B∗ or C∗ state. The B∗ state accounts for the insignifi-
cant lattice relaxation involving no bond rearrangements
as denoted by small energy lowering ∆UEB. In contrast,
the C∗ state occurs with bond rearrangements reflected
in large ∆UEC . The A
∗→C∗ transfer requires overcom-
ing the potential barrier ∆VB. When missing electrons
return, only the B∗ state would be able to relax into the
original ground state A.
The sub-bandgap excitation occurs primarily from the
top of the valence band formed by the LP electrons: for
the ”ideal” system an excitation involves the partially
charged C−2 sites, while for the VAP defects the C
−
1 sites
4are those who participate. Upon excitation, the LP oc-
cupancy is reduced by one electron (LP2− e¯→LP1) and
the LP1 state with unpaired electron is shifted deeper
into the bandgap by ∼0.2 eV due to an alteration in the
exchange interaction upon removal of an electron. The
LP1 states induce the PD effect and are detected experi-
mentally due to a presence of the unpaired electrons [2].
The electron density of the LP1 state is delocalized over
several sites: our calculations show that it involves up
to 5 sites for the two chains VAP defect. The relaxation
of the immediate neighborhood around the LP1 state re-
quired for its stabilization is found to be accompanied by
the bond shortening/elongation occurring with charac-
teristic energy ∆UEB <-0.1 eV that corresponds to the
B∗ state in Fig. 2. The bond shortening is observed for
the IVAP defects (see Fig. 1 b,c). The dC−
13
−C+
2
bond
shortens by 0.1 A˚ that agrees with previous findings [9].
In contrast, the double chain VAP defect shows a signifi-
cant increase in a distance between the C+3 and C
−
1 sites
by 0.25 A˚. Because the concentration of the double chain
VAP defects should dominate over other defects, an in-
crease in a separation between C+3 and C
−
1 sites would
govern volume expansion observed experimentally [10].
Since the bond elongation occurs with the characteristic
energy ∆UEB , it is not an immediate process. Therefore,
the volume expansion caused by LP1 states at the dou-
ble chain VAP defect is expected to be delayed from the
PD onset that agrees with the experimental observations
[10]. When the missing electron returns (LP1+ e¯→LP2),
all systems have been found to come back to the original
state A.
It should be noted that for the formation of the photo-
induced robust dynamic bond known as the C3-C3 de-
fect [2, 3], an excitation of two electrons in a vicinity
of a single site is required that is also simulated here as
LP2− 2e¯→LP0 process (LP0 appears above the LP1 po-
sition in the band gap). Because excitation of two elec-
trons is unlikely to occur simultaneously, two possible
scenarios are considered. (i) LP1 − e¯ →LP0: inequal-
ity in the charge distribution generated by LP1 promotes
excitation of the second electron from the vicinity of the
same site. (ii) LP1+LP1→LP0+LP2: two interacting
LP1 states undergo charge exchange. The latter process
becomes feasible when the energy lowering due to the lat-
tice relaxation needed for stabilization of the LP0 state is
greater than 2∆UEB accounted for two interacting LP
1
states.
The double electron excitation has been simulated by
successive removal of two electrons from the system. For
the ”ideal” two-fold coordinated system and the IVAP
pair defect (Fig. 1 c), the significant lattice relaxation
with the characteristics energy ∆UEC=-0.9±0.3 eV is
followed by the bond rearrangements (the C∗ state in
Fig. 2). In the ”ideal” two-fold coordinated system,
the C3-C3 dynamic bond occurs through crosslinking be-
tween two chains [2, 3]. The defect state induced by the
C3-C3 dynamic bond appears close to the midgap. Fol-
lowing lattice relaxation, two unequally populated LP1
FIG. 3: Colour on-line. The photo-induced crystallization of
the increased crystalline order system. The final state is t-Se
containing the IVAP defect.
sites formed upon excitation are converted into the LP0
and LP2 states, i.e. the charge transfer reaction LP1
+ LP1→LP0 + LP2 is initiated since system meets the
requirement |∆UEC | > 2|∆UEB|. For the IVAP pair
defect, the double excitation has been found to induce
bond rearrangements followed by formation of the sin-
gle C3 defect with three equivalent bonds 2.4-2.5 A˚ (the
defect state appears closer to the conduction band). To
reach the final configuration, the lattice relaxation re-
quires overcoming the potential barrier ∆VB ∼0.8 eV.
It correlates well with the potential diagram presented
in Fig. 2 for A∗→C∗ transition. However, some config-
urations have shown to be resistant to the double elec-
tron excitation because destabilization induced by the
hole localized in the valence band tails is not enough to
overcome the potential barrier ∆VB . Thus, for the two
chains VAP and the single IVAP defects, the B∗ state
with characteristic relaxation energy ∆UEB < -0.1 eV
occurs predominantly.
When two missing electrons are returned into the sys-
tem, the C∗ state becomes unstable and its stabilization
requires breaking the dynamic or other bonds that de-
pends on whether the dynamic bond is strongly stabilized
at the excited state or not. The process of bond breaking
and switching in the post-excitation regime is found to
occur with the characteristic energy -0.9±0.3 eV which is
similar to ∆UEC . In this case, the final configuration is
different from the original ground state A (Fig. 2). The
”ideal” system has been converted into one containing
the S7 ring; decrease in the total energy as compared
with the initial configuration is found to be 0.49 eV. The
IVAP pair (Fig. 1 c) is converted into the double chain
VAP defect (Fig. 1 a) accompanied by the lowering in
energy by 0.28 eV. Therefore, we conclude that following
the sub-bandgap illumination which involves excitation
of the LP electrons, the system goes into the most stable
state characterized by the increased concentration of the
S7 ring and/or the VAP defects.
Since the double electron excitation is sufficient to in-
duce the bond rearrangements, we attempt to generate
5the photocrystallization in the increased crystalline or-
der system as shown in Fig. 3. The electron excitation
is found to induce the formation of the standard C3-C3
defect followed by chain straightening (see the excited
state in Fig. 3). In post-excitation regime, the complete
conversion to t-Se is achieved. Because of the increased
crystalline order of the initial system, the characteris-
tics energies describing the lattice relaxation is found to
be ∆UEC =-0.5±0.3 eV that is lower than that for the
well amorphized systems. Therefore, we suggest that ex-
perimentally observed crystallization of the a-Se samples
under sub-bandgap illumination [7, 23] should be linked
to the double electron excitation process.
V. THE STRUCTURAL TRANSFORMATIONS
IN PD KINETICS
In order to verify that both single and double electron
excitations are plausible processes involved in photoexci-
tation, the kinetics of PD in a temperature range between
room temperature and 40 ◦C have been studied experi-
mentally (the upper temperature limit is dictated by a-Se
glass transition temperature). The PD experiments were
carried out on 15µm thick stabilized a-Se layer (with 0.5%
of As) using standard two red laser beams setup (655
nm), where a powerful pump beam (150 mW/cm2) was
used to produce photodarkening while less powerful prob-
ing beam (0.29 mW/cm2) monitored changes in trans-
mission of light T. The detailed descriptions of the ex-
perimental apparatus can be found in the previous work
[6].
The kinetics of PD were studied by periodically ex-
posing the a-Se sample to the pumping beam for 200 s
separated by 200 s of rest. During those cycles, the prob-
ing beam transmission, T, is continuously monitored and
the relative changes compared to the original transmis-
sion of light, T/T0, were then calculated. The restora-
tion of the transmission during the rest period at room
temperature and selected elevated temperatures is shown
in Fig. 4 and can be modeled by the double-exponential
decay yielding two characteristic time constants: τ1 and
τ2. At room temperature, the characteristic relaxation
times τ1 and τ2 derived from fitting of the resting cy-
cles are 85 s and 2.5 s, respectively, after averaging over
several cycles. Remarkably, τ1 decreases with increase in
temperature showing the Arrhenius dependence:
τ1 = ν
−1
0 exp(
EB
kBΘ
) (1)
where kB is the Boltzmann constant, Θ is the tempera-
ture and ν0 is the attempt-to-escape frequency. It yields
the activation energy EB=0.8±0.1 eV (ν0=2·10
11s−1).
In contrast, τ2 remains temperature independent for all
applied temperatures.
This clearly demonstrates that relaxation of PD in-
volves two distinct processes: one that has the lattice
FIG. 4: Colour on-line. Symbols: the experimental results
on the PD relaxation in a-Se for three selected temperatures
namely, restoration of the probing beam transmission after
switching off illumination (rest period). Solid lines: the fitted
theoretical functions.
relaxation in its origin and requires activation over a po-
tential barrier with characteristic time τ1, and another
process which does not involve the lattice relaxation
and occurs much faster with τ2. The remarkable simi-
larities between the magnitude of the activation energy
EB=0.8±0.1 eV found in PD experiment and ∆UEC=-
0.9±0.3 eV required for the bond rearrangements, makes
us to believe that this slow component in PD describes
the process of structural relaxation with the bond re-
arrangements. Therefore, a feasibility of the process of
double electron excitation accompanied by formation of
the LP0 states is confirmed by slow component of the
PD relaxation. Taking into the account two plausible
scenarios for the LP0 sites formation (LP1 − e¯→LP0 or
LP1+LP1→LP0 + LP2), we suggest that concentration
of the LP0 states should depend non-linearly on the rate
of excitation.
In contrast, the temperature independence of the fast
component (τ2=2.5 s) is the direct evidence of the re-
laxation process that does not involve bond rearrange-
ments. It is consistent with very weak lattice relax-
ation ∆UEB <-0.1 eV involved in stabilization of the
LP1 states generated by the single electron excitation.
The experimental detection of the unpaired electrons [2]
which can be associated only with the LP1 states is fur-
ther evidence of the single-electron excitation.
VI. CONCLUSIONS
The first-principal methods are applied to simulate the
photoinduced structural transformations in a-Se network
that has allowed for the compilation of the complete pic-
ture of the photo-induced changes. Our calculations sug-
gest two distinct mechanisms of the photo-excitation, i.e.
6the single electron and double electron excitation, which
are followed by different lattice relaxation processes. The
excitation of a single electron from LP2 leaves behind an
unpaired electron and shifts the non-bonding LP1 state
towards the midgap thus inducing the photodarkening ef-
fect. This process manifests itself in the fast component
of the relaxation of the photodarkening which is charac-
terized by short and temperature independent character-
istic time constant τ2=2.5 s. The fact that τ2 is tempera-
ture independent suggests that no bond rearrangement is
involved in the lattice relaxation. Since the hole localized
at the LP1 site does not trigger the bond rearrangements,
the single electron excitation can not be accounted for the
photo-induced crystallization. However, it is responsible
for the photo-induced volume expansion [10] as the LP1
states appearing at the double chain VAP defect increase
a separation between the C+3 and C
−
1 sites.
In order to trigger the structural transformation in
the a-Se network, excitation of two electrons from the
vicinity of the same LP is required. The characteristics
energy of the lattice relaxation following the formation
of the C3-C3 defect is found to be ∆UEC=-0.9±0.3
eV. This process is reflected in the slower component
of the PD relaxation described by the temperature
dependent time constant τ1=85 s yielding the activation
energy of EB=0.8±0.1 eV. The similarity between the
characteristics energy describing the lattice transfor-
mation ∆UEC and the activation energy EB in the
PD kinetics suggests their same origin. In addition,
the application of the double electron excitation to the
system of the increased crystalline order has found to
induce photocrystallization.
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